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Disoriented chiral condensates are manifested as long wavelength pionic oscillations 
and their interaction with the thermal environment can be a significant source 
of dileptons. We calculate the yield of such dilepton production within the lin- 
ear sigma model and illustrate the basic features of the dilepton spectrum in a 
schematic model. We find that the dilepton yield with invariant mass near and 
below 2m,r due to the soft pion modes can be up to two orders of magnitude larger 
than the corresponding equilibrium yield. We conclude with a discussion on how 
this enhancement can be detected by present dilepton experiments. 



1 Introduction 

Recently much attention has been fjirfQ^^fj ,tQ,\\\'^ pliprinmpnnn of so called dis- 
oriented chiral condensates (DCCP'MOTi0O El. The basic idea behind 
the formation of a DCC is that after the restoration of chiral symmetry in 
a given region of space-time the system may relax into a misaligned vacuum 
with a non-vanishing expectation value of the pion field. The system will then 
eventually decay into the normal vacuum by emitting soft and coherent pions. 
In the framework of ultrarelativistic heavy ion collisionfj^nosaible way to gen- 
erate a DCC state is a rapid cooling-like quenching HljOLllj'Lra'B which leads 
to a significant enhancement of low momentum pion modes. The resulting 
occupation numbers may then become large and lead to the emission of many 
pions in the same isospin state. In such an ideal scenario, the neutral pion frac- 
tion / =< TFo > / < TF > exhibits an anomalous distribution, P{f) = 1/2^, 
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which has been suggested as an experimental signalE30'tHl. However, if several 
separate domains are formed {i.e. if the size of the system is large in compar- 
ison with the correlation length), as may well occur in heavy-ion collisions, 
the signal is correspondingly degraded and the distribution approaches its_uQE- 
mal form, an approximately normal distribution centered around EjO. 
More advanced methods of analysis wauld then be needed, such as a the use 
of waveletsEj or cumulative momentsllj. 

The enhancement of low-momentum pion modes, which is associated with 
the formation of DCC states, should naturally lead to a strong enhancement 
in the dilepton channel. While the collective oscillation of the isaspin current 
leads to an appreciable signal only at very small invariant masses-3, the annihi- 
lation of the low-momentum modes should result in a strong enhancement close 
to Minv — 2m^. Moreover the signal should be confined to small momenta of 
the virtual photon since only the lowest momentum pion modes are enhanced. 
This enhancement will be the subject of my talk. It should be further noted 
that a similar enhancemenLiias been predicted in the photon channel More 
details can be found in reflij. 

2 Schematic picture of a DCC 

Let us start by defining what we mean by a quench and by convincing ourselves 
that such a quench indeed leads to an enhancement of low momentum pion 
modes. The basic idea of a quench is illustrated in Figure |^: Assume chiral 
symmetry has been restored, i.e. the system sits in middle of the effective 
potential, < ct >= 0. After rapid cooling it might happen that the system 
remains in the middle while the effective potential changes to a Mexican hat 
shape. This situation is highly unstable and the system wants to relax down 
into the rim of the Mexican hat. Since initially there is no prefered direction 
in isospin, the system may roll down in any direction, cr, tti , 7r2 , tts , where tt^ 
denotes the Cartesian components of the pion field. Thus large amplitudes 
of the pion field are generated before finally, due to explicit chiral symmetry 
breaking, the system eventually relaxes into the true vacuum, < a >= 

< TT 0. 

In order to see that the low momentum modes are enhanced, let us look 
at the equations of motion of the pion field in the linear sigma model (here we 
ignore the effect of thermal fluctuation for simplicity) . 



(1) 



with the general solution 



(2) 
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Figure 1: Schematic view of the quench scenario 

where 

In the ground state, < a >= /^r and m* ~ m^r- In the quench scenario, 
on the other hand, < a >~ and to*^ ~ ~\v^ < and hence for momenta 
smaher than the absolute value of the pion mass, k < \m*\, the frequency Uk 
turns out to be imaginary and consequently the modes grow exponentially. 

~ ^oe+l""!' (4) 

Thus, only the modes with k < |m*| ~ 200 MeV will be enhanced. The 
different orientations of the DCC fields in isospin space result from the the 
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initial value of the pion field $o- Initially, before the quench occurs, <i>o is 
more or less randomly oriented in isospin space. Therefore, depending on the 
direction $0 points at the time of the quench different isospin modes become 
amplified. 
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Figure 2: Dilepton invariant mass spectra for thermal (full lines) and quench (dashed lines) 
initial conditions. Shown are the spectra for two different values of the three dilepton three 
momentum q. The result has been obtained in the 1/N mean- field approximation to the 
linear sigma model. 



3 Dilepton production 

A detailed discussion on how to calculate the production of dileptons from the 
dynamics of the sigma model can be found in ref. t3. We, therefore, restrict 
ourselves to the basic concepts and formulae. In general, in a non-equilibrium 
system, such as the dynamical evolution of DCC fields, the in and out states are 
not asymptotic states and the density matrices describing the system are not 
diagonal (except in isospin and charge). In this paper, we will neglect quantum 
effects caused by the off-diagonal matrices of the system in the calculation of 
the dilepton production. Therefore, the dilepton production yield can be gi^pn 
by the S matrices of the electromagnetic transition between different statesc3, 

dm+e- _ a' B ,\u.)w 
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Figure 3: Momentum spectra for thermal (full lines) and quench (dashed lines) initial con- 
ditions for dilepton pairs of invariant mass M = 300 MeV. The result has been obtained in 
the 1/N mean-field approximation to the linear sigma model. 



- ^ / d^xd'ye-'^-^^-y^Trip j^{x) jUy)] , (5) 
where we have summed over the final states, Z — Tr[/5], and 

5 = (1-^)^/^(1 + ^). (6) 

Since we are interested in the production of electron-positron pairs, wc shall 
neglect the lepton mass me in the following, implying B = 1. 

For the actual calculation, we have modified the temporal integration 
boundaries from the asymptotic times t = ±oo to finite initial and final times 
ti and tf. This restriction leads to artificial 'turn on / turn off' effects_at low 
masses in the dilepton invariant mass spectrum as discussed in detail inE3. The 
dynamical input provided by the time-dependent solution of the linear sigma 
model enters in eq. (^) via the current-current correlation function 

Tr[p j^,{x) jl{y)]. (7) 



In the linear sigma model the electromagnetic current is given by 

(8) 



jfj^i^) ^[t^Hx) df, T^{x) - tt{x) dp, tt\x)] = ■Tri{x)d^TT2{y) - T!2{x)d^,ni{y) , 
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Figure 4: The invariant mass spectrum for both thermal initial conditions (solid curves) and 
the corresponding quench scenario (dashed curves), for either back-to- back dileptons having 
q=0 (heavy curves) and dileptons with a finite momentum of g=150 MeV(light curves). The 
result has been obtained in the semi-classical approximation to the linear sigma model. 



where the complex charged pion field operators are related to the Cartesian 
components by 

^(x) = -^[tti{x) +in2{x)] , 7r1'(x) = --^[7ri(a;) - i7r2(a;)] . (9) 

We shall neglect the quadratic coupling in the gauged linear sigma model 
and the anomalous electromagnetic coupling of tt*^, which all contribute to 
the dilepton production only to higher orders in the fine structure constant 
a = e^/A-K. 

We have calculated this correlation function in the^L/JV mean-field ap- 
proximation of the linear sigma modd. by Kluger et al. Lrc3 as well as in the 
semi-classical treatment of RandrupEll. 

In both model calculations, mean-field as well as semi-classical, we have 
calculated the dilepton yield for two different initial conditions with the same 
energy density. 

1. Thermal initial conditions. These initial conditions are such that the 
resulting system corresponds to a thermal ensemble of pions and sigmas. 
In this case we have verified that the resulting dilepton yield agrees with 
that of a pion gas. 



6 



10- 



10"' 



" 10-" 



M = 0.3 GeV 



quench 
thermal 



10-" I ■ ■ ■ ■ ■ ■ ■ ■ ■ 1 

0.0 0.2 0.4 0.6 0.8 1.0 

Dilepton momentum q (MeV) 



Figure 5: The production rate (d*'N/dM(fiq (VAf)) as a function of the magnitude of the 
dilepton momentum q, for dilepton masses near M=300 MeV. The result has been obtained 
in the semi-classical approximation to the linear sigma model. 



2. Quench initial conditions. In this case the system is initiahzed at small 
values for cr-field. Consequently a considerable fraction of the thermal 
energy is taken up by the potential (keeping the total energy density 
the same), leading to a cold initial configuration well inside the unstable 
region. As a result a well developed DCC will be temporarily formed 
until the system finally returns to thermal equilibrium. 

In fig.|| we show the resulting dilepton invariant mass spectra for thermal 
and quench initial conditions for different three momenta of the virtual photon. 
Clearly a strong enhancement (factor ~ 100) is seen around invariant masses 
of ~ 2r7i7r. This enhancement is confined to small momenta, as can be seen 
in fig. ^ where we plot the dilepton momentum spectrum for pairs having 
invariant mass M — 300 MeV. A similar behavior is found in the semi-classical 
calculation (see figures ^ and |^) . Here the enhancement is somewhat smaller 
which is partially due to the additional mode mixing in the semi-classical 
treatment as well as the considerable larger grid size, which produces a faster 
damping of the low-momentum modes. 
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4 A schematic model 



With the mean-field and semi-classical treatments, the time-dependent fields 
are dynamically coupled to the quasi-particle modes and the soft and hard 
modes of the fields are treated on an equal footing. To understand the main 
features of dilepton production due to the soft modes, we shall now consider the 
dilepton production process in a schematic model in which the soft and hard 
modes are coupled only via the electromagnetic interaction causing dilepton 
production. The hard modes are then represented by a thermal gas of pions 
having a specified temperature T, while the soft modes will be evolved dynam- 
ically according to the one-dimensional Bjorken expansion scenario. Hence the 
density operator can be factorized, p = pth ® Pace, where pth is the normal- 
ized density operator for the thermal gas and pocc is the normalized density 
operator for the soft modes, referred to as the DCC field. 

The current-current correlator W^y(g) can then be decomposed according 
to how many thermal pions are involved in the dilepton production process. 
The first term represents the coherent emission of dileptons from DCC fields 
alone and involves no thermal pions, 

WlS{<l) = ld^^d^y{j,{x)jl{y))Dcce-^''<--y^ ^ 0M]1{<i))dcc . (10) 

where the DCC expectation value is (• • •) dcc = Tr[/5DC'c' • ■ •]• 

Contributions to the current-current correlator from processes involving a 
thermal pion are 

/<Pk 
^— ^ {(2fc^ + q,){2K + q.m + <){^\-<l ' kM-Q - k))DCC 

+ {1 + n^){fr{q + k)Tr\q + k))DCc] + (2fc,, - g^)(2fc^ - g^) 
■ [nt{T^{q~k)TT\q-k))DCC + n'^{'rr''{k-q)f[{k-q))DCc]}, (H) 

The first two terms in the above equation correspond to the emission of one 
pion together with a dilepton by the DCC field. The factor 1 -I- is a result of 
the Bose enhancement in the final state. The second two terms proportional to 
represent the annihilation or absorption of one thermal pion by the DCC 
field. 

From Eq. one can readily see how the momentum distribution of the 
DCC field is imprinted onto the dilepton spectrum. Once the momentum of 
the dilepton is large compared to the inverse of the DCC domain size, the 
integral no longer has support from the Fourier transform of the pion field 
(7r^(fe ± q)TT{k ± q)) dcc, which restricts the contribution to low momenta and 
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to a small window in invariant mass. For example, if one considers a classical 
field that oscillates with a typical frequency of w ~ m,r and has a Gaussian 
distribution of width R± in coordinate space, one can see from Eq. that 
the dilepton yield will be concentrated around an invariant mass of M ~ 2m.^ . 
The width of this distribution will be of the order of 1/R±_ in invariant mass 
as well as in the three-momentum q. 

Given this schematic model, it is possible to take approximate account of 
expansion by subjecting the DCC field to a boost-invariant Bjorken expansion. 
For details of this calculation we refer to ref. t£l. The resulting dilepton invari- 
ant mass spectrum is shown in fig. || together with the corresponding average 
thermal rate. 
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Figure 6: Dilepton spectrum from the DCC field, both bremsstrahlung (dotted), annihilation 
and absorption (dot-dashed), and their sum (solid), as well as the thermal emission (dashed). 
The initial temperature of the thermal environment is To=145 MeV, while the characteristic 
energy density carried by the DCC field is eo=58 MeV/fm^. 



First we find that the coherent emission rate is negligible as compared 
to the incoherent emission. Second, the incoherent dilepton emission is very 
significant in comparison with the thermal production. The spectrum from the 
pion annihilation and absorption by the DCC field (dot-dashed) has a structure 
manifest of two components in the second two terms in Eq. ([Ill), depending 
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on the energy flow. In the contribution from the annihilation with the DCC 
field, energy flows out of the DCC fleld, therefore the dilepton spectrum has 
a threshold at M = 2171^^, if the DCC pion fleld oscillate with a minimum 
frequency of 171-^. If the energy flows into the DCC field, dileptons are then 
emitted when thermal pious are absorbed by the DCC fleld. The dilepton 
spectrum from these absorption processes has no threshold and dominates the 
annihilation and absorption spectrum at small invariant masses M < m.,^^ as 
seen in flg. ^. 

Shown as the dotted line in flg. |^ is the dilepton spectrum due to pion 
bremsstrahlung from the DCC fleld. These bremsstrahlung contributions result 
from transitions between different modes of tiie DCC, which are a result of so 
called parametric resonances (for details seell3). 

In flg. 1^ is also shown the sum of the different contributions to dilepton 
spectrum from the DCC fleld (solid curve) as well as the contribution from 
annihilation in the cooling pion gas. In general, one can see that the incoherent 
dilepton production below and near 2m^ threshold region is signiflcantly larger 
than the thermal production. As we already pointed out, because of the finite 
spatial size of DCC field in the transverse direction, dileptons from the DCC 
field exhibit a much faster decrease with the transverse momentum q±_ than 
those due to thermal production. 



5 Observational aspects 

So far we have established that the presence of DCC states leads to a strong 
enhancement of the dilepton production at invariant masses close to M ~ 2mTr. 
We have also shown that this enhancement is confined to small momenta of the 
virtual photons p < 300 MeV. The question of course remains to which extent 
this rather unique signal can be observed in an actual experiment, where other, 
more conventional sources may dominate the dilepton measurement. For the 
mass range under consideration the Dalitz decay of the 77 meson should be the 
most dominant background. Furthermore certain acceptance cuts need to be 
applied in order to minimize the combinatorial background from false pairs. In 
order to estimate these various backgrounds, we have used a recent tmxisport 
calculation for dilepton production for Pb+Pb collision at 156 AGeVcj. This 
calculation contains among others the 77-Dalitz decay channel as well as pion 
annihilation. In order to calculate the contribution from the pion annihilation 
on DCC states we have extracted from the above mean-field calculation the 
ratio of quench to thermal dilepton production. 

i?(M, p- Mref = 350MeV) = ^.^enc/. (M, £ 
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where Yquench, Ythermai Stand for the dilepton yield for given M and p. Mref 
is the value of the invariant mass for which the matching between the two 
calculations is done for all pt- Assuming, that the dilepton production in the 
heavy ion collisions is more or less thermal we can estimate the dilepton yield 
from DCC states in a Pb+Pb collision by multiplying the dilepton yield from 
pion annihilation as obtained from the transport calculation with the above 
ratio @ 

YDCciM,p) = Ytransp.iMref = 350MeV, p) R{M,p; Mref = 350MeV) (13) 

This of course ignores any non-thermal contribution as well as possible tem- 
perature dependences of the enhancement factor. 

In fig. we show the resulting dilepton spectra assuming perfect detector 
acceptance (i.e. no acceptance cuts). In the left panel we show the spectrum 
for all dileptons with transverse momentum smaller than 150 MeV. The right 
panel shows the dilepton mass spectrum for all transverse momenta. Clearly, 
the signal is at least as large as the competing 77-Dalitz decay and thus should 
be observable especially if the statistics allow to look at dilepton momenta 
below 150 MeV. 




Figure 7: Dilepton invariant mass spectrum for Pb-|-Pb collisions at 158 AGeV as measured 
by a perfect detector. Shown are only the channel relaxant for the discussion, but additional 
channel are taken into account in the total yield (seeu). 

In fig. ^ we have applied the cuts used by the CERES collaboration El. 
The most important cut is that on the transverse momentum of each individual 
lepton. Only pairs where each of the leptons has pt > 200 MeV are accepted. 
In this case, as it is clear from the figure, our proposed signal is not visible. 
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Figure 8: Same as Fig. ^ but now the CERES acceptance have been appUed. 



However, there might be a possibihty that for small invariant masses 

ffRES can relax the transverse momentum cut values as low as 60 MeV 
In this case the signal again should be visible as shown in fig. Of course 
our estimate started from the assumption that in each event the conditions 
for a quench are satisfied. This might be somewhat optimistic. However, if 
the system equilibrates in the high temperature phase and generates sufficient 
rapid expansion this assumption should be fulfilled to a large extent. Further- 
more, we have not included any dissipative processes which could destroy the 
DCC-states before the system has frozen out. Consequently if the lifetime of a 
DCC turns out to be considerably shorter than that of the system, our results 
have to be reduced accordingly. 



6 SummEiry 

We have calculated the production of dilcptons from disoriented chiral con- 
densates using a quantum mean-field as well as a semi-classical treatment for 
the time evolution in the linear sigma model. We have compared the dilepton 
spectra obtained when using so called quench initial conditions, which lead 
to a strong enhancement of long wave length pion modes (DCC), with those 
obtained from thermal initial conditions. Compared to the thermal spectrum 
the quench initial conditions lead to a strong enhancement (factor 20 - 100 
depending on the model) at an invariant mass of about M ~ 2TO,r- This en- 
hancement is confined to dilepton momenta of g < 300 — 500 MeV and also 
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Figure 9: Same as Fig. ^ but the CERES momentum cuts have been reduced to 60 MeV. 



rather narrow in invariant mass. Within a schematic model, we could also 
address the more realistic scenario of a longitudinal expansion. We find that 
the above enhancement remains also in this case. 

Both dynamical solutions, which are based on distinct approximations to 
the linear sigma model, predict qualitatively the same enhancement: A large 
bump at M ~ 2mT^ as well as an enhancement at low invariant masses. Overall, 
the quantum mean-field model seems to yield a larger enhancement than the 
semi-classical treatment. This quantitative difference may be due to several 
factors. First, the Bose enhancement factors are absent in the semi-classical 
treatment. Second, the semi-classical treatment incorporates the mode mixing 
resulting from the non-linear interaction and this mechanism tends to reduce 
the number of pions in the DCC state. Both of these features lead to a some- 
what smaller signal. 

As far as experimental observation of this enhancement is concerned, we 
have carried out a rough estimate of the expected signal for a Pb+Pb collision 
at SPS energies. We have shown that the signal would be strong enough to 
stand out from the main background, the Dalitz decay of the ry-meson. We 
furthermore have applied the acceptance cuts of the CERES experiment. With 
the present cuts of pt > 200 MeV the signal would not be visible by the CERES 
detector. However, if these cuts can be relaxed to pt > 60 MeV, the signal 
should be observable, provided, of course that these DCC states are ever being 
formed in SPS-energy heavy ion collisions. 
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